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I I.0 INTRODUCTION AND SUMMARY

Experimental work has continued in the develop_nent and evaluation of

inorganic men_branes for hydrogen-oxygen fuel cell application. Itwas deter-

mined that the drying time and temperature range for producing inorganic

_: membranes having favorable conductivity and strength chara<te.ristics was

somewhat narrower than anticipated. Accordingly, the stati,_ticalplan for :

optir_izing membrane composition and preparation techniques has been revised

to reduce drying temperatures and drying time-temperature ranges.

!i The significant effect of drying conditions on sintered membrane strength _.

I ore discussed and the results of preparing a membrane composition without oven
drying are reported• Itwas found that elimination of the drying operation in-

_i creased membrane strength after sintering by more than 50,_0for a membrane i

made from 40_c C.P. ZrOz, 20% H3PO4, and40% "Zeolon H."

Electrical conductivity measurements for four different compositions are

reported. It wa_ found that the use of calcia stabilized zirconia in place of C. P.

zirconia produced membranes having favorable low resistivities. Since the use

of calcia stabilized zirconia also produced high membrane strength, these findings
are very encouraging from the point of view of producing high strength inorganic =
membranes which will operate satisfactorily in fuel ,_ells. The conductivity data

obtained from the three other compositions evaluated confirmed the previous

observation that reduced drying temperatures resulted in improved electrical 7

characteristics for a given membrane composition• :_

j
l& re-examination of fuel cell design and assembly techniques resulted •_'"

41 in elimination of erratic cell operation and improved cell performance• Itwas _

also found that one membrane composition (I zirconium phosphate : 1 H3PO 4 : : _:

1 "Zeelon H") improved in performance as the temperature was increased. '_. ;
)

2 0 EXPERIMENTAL WORK AND DISCUSSION _ _
• _ "

2. 1 Membrane Compositiop Studies i

During the month a number of the compositions, outlined in the _'_

statistical plan for optimizing composition and preparation techniques for mere- Iii
branes, were prepared and tested. Although a review of the work previously

: reported indicated that there wa,3 a fairly wlde range of compositions and drying i_(_.i
conditions which would produce phosphate-bonded inorganic membranes having : _
favorable conductivity and strength characteristics, it was found that these _._

] ranges -vere narrower than anticipated. H drying temperatures were too high ..:_-["%_
the membranes produced had low strength after sintering and if drying tempera- ":_V
tures were too low, the membrane material was too "wet" to granulate and :._<"
compact satisfactorily into raembrane form. The problem was further compli-

cated by the fact that compositions containing large amounts of phosphoric acid I__
I or "Zeolon H" require longer drying times and higher drying temperatures to _:

permit granulation and compaction. As a result, it was necessary to revise the

composition and drying time-temperature ranges outlined ir the statistical plan. !_
In general, drying temperatures and phosphoric acid content were reduced and I ?_A

the range of drying temperatures to be investigated x-as narrowed based upon i_.:_

these findings. The revised plan of experiments is shovcn in Table i. All of the I_,
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;. compositions contain 30_0 ZrOz, drying conditions range from Z0 to 60 hours
between 140°C and 160°C and the phosphoric acid content varies between 16%
and 30%.

:" Approximately 75_ of the treatments shown in Table I were pre-

pared during the month and are now being pressed and sintered. Modulus of
rupture and electrical conductivity measurements will be made and itis antic-

ipated that this work will be completed during the December period. These
data will then be evaluated statisticallyin order to optimize composition and

preparation techniques used in fabricating inorganic fuel cellmembranes.(I)

Ithas been previously reported (Z)that drying conditions have a.

significanteffecton membrane characteristics. Drying at too high a tempera-
ture or for too long a period of time tends to reduce strength, while short drying
times and low temperatures produce materials which are too "wet" for good

granulation and unifornl pressing. Itis believed that a part of the bonding action
which takes place between the phosphoric acid and the zirconia and "Zeolon H"

occurs during drying and that this bond strength is lost when the material is
subsequently granulated and pressed. The remainder of the bonding reaction
between the components occurs during sintering and produces strength in the
finished membrane. Itseems desirable, then, to limit drying time and temper-
ature to a minimum which will permit granulation and proper membrane com-
paction. This should result in the development of maximum strength during

sintering for a given composition.
In a discussion of these findings, the project officer suggested that

membranes be prepared without drying in order to evaluate this theory. Ac-
cordingly, a composition consisting of 40_0 zirconia, Z0_'0phosphoric acid and
40_/0"Zeolon H '_was prepared by thoroughly mixing the ingredients and pressing
intoZ in. diameter membranes at 15 tons totalload without oven drying. The
membranes were sintered for 15 hr at 500°C and their strength was measured.

These membranes were strong having a modulus of rupture of 37770 + 119
psi. When the same composition was prepared bydrying for 15 hr at 160°C,
pressed at 15 tons totalload and sintered for Z4 hr at 300°C, the strength was
Z433 _ Z50.(3) This increase in strength of more than 50_/0is substantial and

i much of the increase is obviously due to elimination of the drying operation.

: These results show that membrane strength can be increased by

, eliminating the drying operation or by keeping dryin_ time and temperature at
a minimum. Italso suggests vacuum drying as a means of reducing water con-

' tent at low temperatures in order to deve'op maximum strength during membrane W_
sintering.

2.Z Conductivity Measurements

! Electrical conductivities of four different inorganic membranes
were determined as a function of relative humidity at each of two different tem-
peratures. The apparatus used in making these measurements has been

: described in previous reports. Resistivities are reported as the average value
for three individual membranes, and the error is shown as standard deviation.
The resistivities obtained for the four membrane com-oositions are shown in

Tables Z, 3, 4, and 5. All of the compositions shown in the tables were sintered
at 500°C for 15 hr. Table Z shows the resistivity of m c.mbrane No. 191-057 which
was made from a composition using stablhzed zlrcon_a instead of C.P. ZrO Z.

Zircoa "B" Zirconium Corporation of America, Solon, Ohio
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Tables 3, 4, and 5 show the effect of varying drying time and
temperature on the resistivity of membranes having the same composition.

The resistivities reported for the four membranes which were

evaluated range from 75 to 170 ohm-cm at 105°C and a relative humidity of 56%.
The membrane having the lowest resistivity (75 ohm-cm) was No. 191-057 in "
which stabilized zirconia was used m place of C.P. ZrO Z. Since this value

falls within the range of membrane resistivities which have performed well in _

fuel cell evaluations and membranes prepared from calcia stabilized zirconia _

l,ave also had excellent strength, further work with this type of zirconia is

planned.

The three other membranes which were evaluated have the same /

chemical composition; 1 C.P. ZrO Z : 1 H3PO 4 : 1.3 "ZeolonH." However,
drying times and temperatures were varied in order to determine the effect o_
drying conditions on membrane resistivity. Examination of Tables 3 and 4,

shows that drying for 40 hr at 140°C compared to 40 hr at 160°C reduced resis-
tivity from 170 ohm-cm to 97 ohm-cm at I05°C and 56_0 relative humidity. ;:_

Increasing the drying time from 40 to 60 hr at 140°C, however, only increases -

the resistivity from 97 to 105 ohm-cm. These results are very encouraging as -_

they show that high strength and low resistivity are compatible from the stand-
point of drying conditions and indicate_ that it should not be necessary to "trade

off" strength in order to obtain low resistivity membranes, i t

2.3 Fuel Cell Operation " '_

Table 6 shows fuel cell operating data obtained during the period _ [
covered by this report. In order to allow the fuel cell to fulfillits primary ,

function as a reliable analytical device for testing the comparative efficiency </

of various membranes, a re-examination of the fuel cell components and the _._,
procedure used in assembling them was made. This analysis showed that the _ _
cement being used to make a gas tight seal between the membrane and the i ,_

teflon gasket (silicone rubber) allowed gas to escape and was the principle cause _ "__ _
of inconsistent performance. _ ;_

Accordingly, an epoxy resin was substituted for the silicone cement _,:_
and the diameter of the electrodes was increased from I. 63 to 2,0 in. to match !_i_,

the diameter of the membrane. This made itpossible to assemble these corn- _--'_i_
ponents between the steel back-up plates and cement the edges with resin in one i _!
continuous operation. The back-up plate O-ring seals were also coated with ; 4
high vacuum silicone grease before final cell assembly, t. "_

!__"

The improved cell assembly has opcrated without failure or irreg- _:!_
ularities since itwas redesigned. An example of the improved cell operation is ,_,_
seen with membrane 191-050. The current density at 0.5 volts increased from :_Y_I"

24.7 ma/cm z (old assembly :Run #ii) to 31.7 ma/cm Z (new assembly :Run #Z5). !'_r_

These results are probably also associated with improved catalyst - membrane i_contact as well as the elimination of gas leakage. ,'&_

Fuel cell evaluation of membranes has shown that the performance _&_

of one _nembrane composition (I zirconium phosphate ; 1 HsPO 4 : 1 "Zeolon H")

was not significantly affected by temperature increases in the range studied, iii_
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Figure 1 shows polarization curves for this membrane, (No. 191-050) at
several temperatures using both the old and the improved assembly methcds. ,
It is interesting to note that in using the new assembly method an improvement
in performance was noted as the temperature was elevated in _:ontradistinction
to what was observed in the past. Figure Z illustrates these results graphically
and shows voltage as a function of temperature at constant current density.
Previous performance curves are also shown for comparative purposes.

The standardized behavior of the new assembly and ._he improve-
ment of performance with temperature for a given composition is encouraging.

, It should be noted that other water balancing agents besides "Zeolon H" may be
_ , used, now that improved membrane formation techniques permit an extpnsion of
_ i experimental work into other areas.
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TABLE 1

REVISED STATISTICAL PLAN OF EXPERIMENTS

X1 = Percentage of H3PO 4

X z = Hours of Drying Time

X 3 = Drying Temperature in °C )

(N = 3)
,%

"¢

Treatments X1 XZ X3

I Z3 40 160 ,._'

2 ?-3 60 150

3 ?-3 40 150

4 ?-7-I/6 52 144 __,

5 2.3 40 150

6 18-5/6 52 156

7 30 40 150 ': "-

8 ?.3 40 150 _ L_

9 z3 40 15o _::i

i0 18-5/6 28 144 _,_,
_4

II 27-I/6 28 156 r_ ._

lZ ?.3 ZO 150 _ '_

13 18-5/6 ?.8 156 ' ;'_

14 ?-3 40 150

15 Z7-1/6 28 144 .....

16 18 - 5 / 6 5 Z 144 ,_I_"_.:

17 ?-7-I/6 5?- 156 "_

18 16 40 150 i .,_k "19 Z 3 40 140 , -_::_
4%

zo z3 40 15o

_._-

I'<_?
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"_ TAB I,E Z

.!
, RESISTIVITIES AT TWO TEMPERA'f URES

i (MEMBRANE NO. 191-057)

1 Composition: ZrO z, H3PO 4, "Zeolon H"

! (l:l:l parts by weight)

Processing Conditions: Drying Temperature = 160°C

Drying Time = 15 hours

,t Relative Humidity
'i (%) Resistivity

'_i Temperature 89.8°C (Ohm-Cm)

71 (2.46 _-1.11) x 10 Z

45 (3.6Z +I.!6) x I0 Z

II (1.49 _-0. 16) x 105

Temperaturu 105.8°C

56 (7.54 ±0. Z6) x 101

41 (1.47 +I.ZZ) x i0 z

Ii (Z.83 4-0.87) x 103



TABLE 3

RESISTIVITIES AT TWO TEMPERATURES

(MEMBRANE NO. 191-055) "

Composition: ZrO Z, H3PO 4, "Zeolon H" ,.

(1:1:1.3 parts by weight) 4.
%

Processing Conditions: Drying Temperature = 160°C
J

Drying Time = 40 hours "_

Relative Humidity Resistivity

(%) (Ohm-Cm) ?
Temperature 89.8°C "!.

71 (1.68 *0.67) x I02

45 {2.06 4- 1. Z0) x 102 •_

11 (1.56 4-0.13) x 105

Temperature 105.2°C _ '_

70 (6.79 4-0.96) x i01 " "}
, -.%,

56 (1.70 4-0.72)x i0z ,_

Z6 (I.85 ± I.15) x I0z _:_

• _

11 (4.99 4-1. ZZ) x 103

I":%
d,X

,,N_N
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TABLE 4 --

RESISTIVITIES AT TWO TEMPERATURES

(MEMBRANE No. 191-059)

Composition: ZrO Z, H3PO 4 "Zeolon If"

(1:I:1.3 parts by weight)

Processing Conditions: Drying Temperature = 140°C

Drying Time = 40 hours

Relative Humidity Resistivity

(%) (Ohm-Cm)

Temperature S9.8°C

71 (1.66 e0.06) x I0z

45 (6.ZZ e 3.99) x I0z

II (1.78. 0.6Z) x 105

Temperature 105.4°C

56 (9,6( ± ,"_._5::)_ _01 7/

Z6 (3,Z5 _ 0.47) x I0g

ii (Z.50 4-0.74) x 103



%1-

TAB LE 5

_ESISTIVITIES AT TWO TEMPERATURES

(MEMBI_%NE NO. 191-058)

Composition: ZrO z, H3PO 4, "ZeolonH" (1:1:1.3)

Processing Conditions: Drying Temperature = 140°C

Drying Time = 60 hours

Relative Humidity Resistivity
(%) (Ohm-Cm} ,',:

Temperature 89.8°C i.

,?
71 (Z.34 4-0.73)x i0z ,_

i0Z45 (5.14 4-2.Z8) x _i!

II (i 45 4-0.Z9) x 105

Temperature 105.4°C "_/

56 (1.05 4-0.26) x I0z

Z6 (I.0Z _-0.73) x IC_ !

11 (Z.Z7 4-I.13) x 103 "::;

:ii
' .:]

_,_' ._:D

>
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i

iN -
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